The present paper explored the potential of the seasonal solar thermal energy storage (SSTES) system using ammonia-based chemisorption for domestic application in the UK. The dynamic charging/discharging performance of the SSTES has been simulated using the real weather data with the solar thermal collector models, the domestic heating demand model and the chemisorption model.
Introduction
In the UK, about 82.8% of domestic final energy consumption is for space and water heating; the total space and water heating consumes about 33.9% of the final energy consumption of the UK economy, which is about 48 Mt oil equivalent annually [1] . To reduce greenhouse gas emissions and improve energy security, it is imperative to promote the development of low carbon heating technologies with higher energy efficiency and encourage higher penetration of renewable energy source.
The UK receives a moderate amount of sunlight, with an insolation of between 0.8 and 1.3 megawatthours per square meter (MWh/m 3 ) [2] , and the amount of solar radiation incident on the roof of a typical home exceeds its energy consumption over a year [3] . However, the longstanding barriers to utilise the solar thermal energy lie in the mismatch between the solar energy availability and the heating demand, which has motivated intensive research and development of seasonal solar thermal energy storage (SSTES) [3] . Some large scale water based SSTES system has been demonstrated [4, 5] . These systems stored hot water in tank, pit, borehole or aquifer layer for community-scale district heating, and the energy storage density was at the level of 50 kWh/m 3 . Small scale SSTES systems, e.g. for a single dwelling, have not yet been fully investigated, considering the risk of large volume system employing the conventional sensible heat storage method, which is not favourable in the domestic scenarios.
Ammonia-based chemisorption has been widely recognized as a promising thermal energy storage technology [6] due to its large energy density and almost zero-loss long-term storage, it has great potential for the compact domestic SSTES application. Ma et al. [7] studied the feasibility of applying SSTES system in domestic dwellings in eight representative cities in the UK. Storage capacities and system volumes of different storage technologies and the critical solar collector areas required to meet the heating demand were studied and compared. When the overall heat loss coefficient of the dwelling was 150 W/K and water inlet temperature to the solar collector was 40 °C, the critical solar collector area and storage capacity of a thermochemical sorption SSTES were in the range of 33.51-34.29 m 2 and 6073. .35 kWh respectively. Li et al. [8, 9] proposed a dual-mode ammonia chemisorption cycle for SSTES using two sets of reactor-condenser/evaporator units. During warm winter with relatively higher ambient temperature, ambient heat was used to evaporate ammonia and the ammonia vapour was adsorbed by the salt in reactor to discharge the stored heat; while in the cold winter, when one-stage chemisorption was not enough to deliver the heat at sufficient high temperature for space heating, the heat released from one ammonia chemisorption unit was used to evaporate the ammonia for the other chemisorption unit as the second-stage heat upgrading. Using this method, the storage system can deliver useful heat under the weather condition of −30°C to 15°C ambient temperature in the winter. The storage efficiency and energy density were at 0.6 and 1043 kJ/kg (material-based) salt when using CaCl2-NH3 as the working pair with the targeted output heat temperature at 62 °C and ambient temperature at 0 °C. The main drawback of this approach is the potentially further reduced system-based energy density of the SSTES due to more complex system configuration and more components involved. Jiang et al. [10] experimentally studied the SSTES system using resorption MnCl2-CaCl2-NH3 working pair. The system featured a specific energy density of 1149 kJ/kg (material-based) and a storage efficiency of 0.58 when the charging heat temperature, ambient temperature and output temperature were at 150 °C, 15 °C and 30 °C respectively. The authors also gave two possible solutions to elevate the output temperature during discharging stage, one was using the concept proposed by Li et al. [8, 9] to upgrade the heat using two-stage adsorption, the other was introducing electricity to compress the desorbed low pressure ammonia to a higher pressure level which then can be adsorbed by the salt at relatively higher temperature.
Some studies have been done on SSTES using ammonia-based chemisorption, however there is lack of dynamic performance simulation of the whole system to be applied to a real world scenario. To go beyond the theoretical analysis and equilibrium performance discussion devoiced from the real condition of the climate and the solar sources, and get better understanding and more insights of system design and material selection in practice, the current work presents a case study of demonstrating the feasibility of thermochemical sorption SSTES system in the city of Newcastleupon-Tyne in the UK, through numeric simulation of system dynamic behaviour using the real climate data. The mathematical model of the whole thermochemical sorption (i.e. chemisorption) SSTES system integrates the models of two different types of solar collectors (flat-plate type and evacuated tube type), space heating demand model and the chemisorption model to calculate the maximum amount of heat to be charged and discharged and the share of the total heating demand can be delivered by the SSTES, as well as the corresponding SSTES volume and the solar collector area required.
Analysis methods

Chemisorption SSTES system
The basic configuration of a chemisorption system, which comprises one adsorbent reactor and one refrigerant container (condenser/evaporator), is applied in this work as shown in Figure 1 . The shelland-finned tube type of the adsorbent reactor was employed as the adsorbent is compressed and packed in between the fins gap while the heat transfer fluid flows inside the tubes. Each finned tube is treated as one chemisorption module, thereby the whole system can be easily scaled up or down by adding more or removing some modules. The halide salt ammoniate-ammonia coordination reaction of CaCl2-4/8NH3, BaCl2-0/8NH3 and NaBr-0/5.25NH3 were used for chemisorption in the present study due to their relatively low desorption temperature [11] so that to allow the effective recovery and utilisation of solar thermal energy from two most common types of solar collectors, flat-plate collector and evacuated tube collector.
During the charging process, the adsorbent in the SSTES is heated and desorbs ammonia vapour, namely, the hot water heated by the solar collector supplies heat to a group of modular adsorbent finned-tubes and subsequently moves to another group when the desorption of the previous group completes. The number of each group of modular finned-tubes has been analyzed and discussed to find out whether there is an optimal arrangement. The desorbed ammonia is then condensed in the condenser at ambient temperature. Because of the varying weather condition including the solar radiation as the heat sources and the ambient temperature as the heat sink temperature, both of the obtained hot water temperature and the required desorption temperature are changing, therefore the thermal charging via ammonia desorption unnecessarily occurs continuously but only when the temperature of the heated adsorbent goes beyond the desorption equilibrium temperature determined by the ammonia condensation pressure.
During the discharging process, the condenser becomes an evaporator. The ammonia evaporates at the ambient temperature and subsequently is adsorbed by a group of modular adsorbent finned-tubes, while the adsorption heat released is used to heat the circulating water for space heating; when the adsorption of this group completes, the evaporated ammonia vapour is directed to another group of adsorbent finned-tubes to continue releasing adsorption heat, and so on. The feed and return temperature of the hot water for space heating were pre-defined based on different end-user heating facilities, such as conventional radiator using 70 °C as feed temperature and 40 °C as return temperature [12] and the low temperature heating facility (e.g. floor heating or fan convector) using 35 °C as feed temperature and 25 °C as return temperature [13] . If the total heating demand is known, thus the hot water flow rate at the end-user heating facility would be a fixed value for satisfactory heating, with the pre-defined temperature of the feed and return water; further, the water flow rate through each modular finned-tube depends on the number of the modular tubes in each group. Ideally, the chemisorption SSTES is supposed to cover the entire space heating demand in winter, however this strongly relies on the practical operating condition, i.e. the weather condition in the winter.
Because: (1) the chemisorption temperature is pressure dependant due to the fixed mono-variant equilibrium which implies the reaction can occur at a higher temperature if the sorption pressure is higher, or occur at a low temperature conversely; (2) the sorption pressure is dominated by the evaporation pressure and the evaporation is determined by the ambient temperature; (3) the real ambient temperature is highly varying throughout the discharging period. If the ambient temperature is too low to drive exothermic adsorption at the desired temperature level, then the studied SSTES is incompetent to solely cover the whole heating demand but requires supplementary heat from i.e. a back-up boiler. In this instance, the solution conceived in this study is to have the return water from the end-user heating facility flowing through the chemisorption storage system first to collect the adsorption heat as much as possible; and then heading to the solar collector to recover solar heat if there is any available during winter time; eventually being heated by a back-up boiler to ensure the delivered hot water temperature as desired. Then the ratio of the coverage by the chemisorption SSTES will be evaluated and discussed, which is defined as the percentage of the useful heat delivered by the SSTES to the total space heating demand. 
Useful solar heat on roof
The hourly weather data of Newcastle-upon-Tyne, including atmospheric temperature and global horizontal radiation, is available from the software Meteonorm, as shown in Figure 2 . The solar irradiance projected to a solar collector which is 45° tilted and facing south has been calculated and reported in our previous study [7] . The roof area for solar collector installation is in the range of 16.5-31.0 m 2 for the majority of domestic dwellings in the UK [14] , so the value of 20 m 2 , which represents the average semi-detached house roof area, was assumed as the solar collector area in the charging process of the current study. (Sputtered aluminium nitride)
Domestic heating demand
The hourly space heating demand QSH in the unit of kWh of a typical dowelling in the UK was estimated based on the following equation [7] :
where ̅̅̅̅ is the overall heat loss coefficient in the unit of W/K, TR is the room temperature and Ta is the ambient temperature. The value of ̅̅̅̅ depends on many factors, such as the dwelling floor area, the insulation conditions, the opening state of the windows, the living behaviour of the occupants, the exterior wind speeds and so on. This value has been measured and reported by literature [16, 17] in the range of 50 W/K to 300 W/K for the UK dwellings. A value of 150 W/K was used in the current study to represent an ordinary UK semi-detached dwelling. The room temperature (TR) was assumed to be maintained at 21 °C throughout the thermal discharging period.
Chemisorption model and simulation
The model of the modular finned-tube reactor/heat exchanger with adsorbent filled in between the fins and water flowing inside the tube was developed. The following assumptions were used to simply the modelling:
 The thermal mass of ammonia was negligible;  Thermal loss from the reactor was ignored;  The non-equilibrium performance of chemisorption was evaluated at an equilibrium pressure drop of 1.0 bar;  The mass transfer limitation was ignored in the chemisorption; Expanded graphite mass ratio, f, (-) 0.25 Figure 3 shows the physical model of the modular finned-tube reactor and the used parameters are given in Table 1 . The heat conduction equations for the tube, fins and adsorbent is given as
where S is the source term representing the chemisorption reaction heat which only applicable to adsorbent and can be calculated by the following equation:
where x is the degree of conversion of the chemisorption, which is from 1 to 0 during desorption and from 0 to 1 during adsorption; ΔH is the chemisorption enthalpy change at the unit of J/mol NH3; nNH3 is the total mole of ammonia that can be desorbed/adsorbed; Vb is the bulk volume of the adsorbent.
The following classic chemisorption kinetic equations are used for ammonia adsorption and desorption respectively in the current study [18] :
where Pc is the constraint pressure of the chemisorption and is (PNH3 − 1) bar in adsorption and (PNH3 + 1) in desorption according to the assumption of 1 bar equilibrium pressure drop. The calculation of Peq (T) was based on the following van't Hoff equation [19] ln eq ( ) °=
where P° is the standard pressure (1 bar), ΔH and ΔS are reaction enthalpy and entropy changes. ΔH and ΔS as well as specific heats of the used salts are listed in Table 2 . Table 2 Enthalpy and entropy changes of ammonia chemisorption, and specific heat of the used salts. The above kinetic equations have been widely used for ammonia-based chemisorption with different metal salts, however, the values of parameters were not reported consistent even for the same salt, e.g. the reported value of Ar was in the range of 10 −3 to 10 −2 , leading to up to one order of magnitude of difference on reaction rate. This is because that different authors applied different methods and systems to determine these kinetic parameters, and another possible reason is that the value of Ar can be temperature or pressure dependent so that more works should be conducted to get more sophisticated and accurate expression of Ar. The current study used the values of 0.003 and 1.0 of Ar and m for both adsorption and desorption processes as recommended by literature [22] [23] [24] for all working pairs in this study to have a fair comparison.
The heat convection equation of the flowing heat transfer fluid inside the tube is given as follows:
where u is the flow velocity. The initial and boundary conditions are:
The heat transfer coefficients, hf (= ), of forced tubular laminar and turbulent flows can be calculated by the following empirical equations [25] :
Laminar flow = 4.36
Turbulent flow = 0.023
. 
Calculation method
The calculation framework is shown in Figure 4 . For the charging process, the weather data between In this work, the discharging process was simulated independently of the charging process. From the month October to March as the concentrated period of time with huge heating demand in the UK, the Eq. (3) was used to estimate the total space heating demand; with the given temperatures of the feed and return water for the targeted end-user heating facility, the required water flow rate can be calculated as the total heating demand is known; thereafter, the pre-defined return water temperature and the determined flow rate from heating facility can be used as the input parameters for the performance simulation of the SSTES: if the temperature of the hot water heated by the SSTES is lower than the required level, this hot water will be further heated by any available solar heat before finally being heated by a back-up boiler to the targeted level, the ratio of the delivered heat by the SSTES to the total heating demand is analyzed; otherwise, only operates the SSTES, the solar collector and the boiler would be in idle. Therefore, the maximum amount of heat release to be effectively used for the space heating can be calculated based on the real weather data of the ambient temperature, also leading to the corresponding volume value of the SSTES. Comparing the storage capacity estimated for the charging process and the discharging process, the solar collector area would need to be adjusted as well as the volume of the SSTES in order to match these two processes to construct a complete SSTES system. This will be discussed in the following section. chemisorption has the highest desorption temperature, followed by the BaCl2-0/8NH3 chemisorption, and the NaBr-0/5.25NH3 chemisorption has the lowest, when under the same working pressure that is determined by the ammonia condensation in the condenser. On the other hand, the flat-plate collector has higher thermal efficiency in the low temperature range (e.g. <100 °C, based on 25°C ambient temperature and 1000 W/m 2 solar radiation) than the evacuated tube type, but it is opposite in the higher temperature range.
The increase of number of modular finned-tubes in one group allows more materials can be desorbed at the same time to harvest the solar heat as much as possible; however, because of the fixed solar collector area and heat transfer fluid (water) flow rate, more finned-tubes in one group means lower water flow rate for each modular tube, therefore lower degree of conversion of desorption is achieved within one day, the reactor and adsorbent have to be re-heated the next day to achieve the required desorption temperature, hence relatively more solar heat is consumed as the sensible heat of the reactor and adsorbent. These opposite tendencies lead to an optimal number of modular finned-tubes in one group operation for each chemisorption case which gives the maximum storage capacity, as shown in Figure 5 . The CaCl2-4/8NH3 chemisorption requires comparatively higher desorption temperature at which the flat-plate solar collector has lower efficiency than evacuated tube type. As a result, much less solar heat can be stored by the CaCl2-4/8NH3 chemisorption than that by the other two chemisorption regardless of the collector types; the maximum solar heat stored by the CaCl2-4/8NH3 chemisorption using evacuated tube collector almost double that of using flat-plate collector.
For the other two chemisorption, the systems coupled with flat-plate solar collector performs slightly better than the ones using evacuated tube solar collector because the flat-plate type is more efficient in the domain of their desorption temperature. For the satisfactory delivery of the space heating, both the quantity and the quality of the discharged heat needs to meet the requirement. The storage capacity can be scaled up or down by proportionally increasing/decreasing the number of solar collectors and enlarging/shrinking the storage system accordingly. However, the temperature threshold of the feed hot water is another issue. With the varying ambient temperature that sometimes could span a wide temperature range throughout the heating season, it is highly possible that when the ambient temperature is too low, even the fully charged SSTES cannot cover 100% heating demand by releasing adsorption heat to the return water and heating it to the desired temperature, i.e. the corresponding adsorption equilibrium temperature is insufficient to heat the return water up to the desired feed water temperature, or even worse that the adsorption temperature is lower than the return water temperature, as shown in Figure 6 . This triggers the re-think of the selection of working salts, the equilibrium line of the preferable salt-ammonia reaction for SSTES application should be less sloping in the Clausius-Clapeyron P-T diagram, therefore the working salt can have relatively low desorption temperature resulting in high thermal efficiency of solar collector in summer, and sufficiently high adsorption temperature in winter to satisfy the requirement of space heating.
As shown in Figure 6 , the adsorption temperatures of the chemisorption studied are fluctuating in the similar patent as the ambient temperature: the CaCl2-4/8NH3 adsorption temperature is always higher than the pre-fined return water of the radiator, therefore it has the potential of considerably contributing to the space heating; the NaBr-0/5.25NH3 adsorption temperature curve is wiggling up and down the temperature line of the pre-defined low-temperature return water. In other words, the chemisorption SSTESs using unfavourable working pairs cannot solely operate to satisfy the heating demand no matter how much heat has been stored during the charging process, it only can partially contribute to the heating demand under relatively higher ambient temperature and still need supplementary heat such as from solar collector and back-up boiler in this study to lift up the temperature level of the feed water for proper heating. Therefore, the system size should be optimised by comparing the storage capacity in the charging stage and the delivery capacity in the discharging stage, avoiding large system design that contains much unreacted inoperative adsorbent. According to At the discharging stage, the adsorption heat from the SSTES, the solar heat from the solar collector and the boiler was utilized in consequence if necessary. It was found that solar heat utilised was quite few, less than 7% of the total heating demand in all study cases due to its nature of the limited availability during the months from October to March and being the back-up plan. The discharge performance is shown in Figure 7 as the function of the number of modular finned-tubes for one discharging group. As foregoing discussion, the hot water flow rate at the end-user heating facility is a fixed value when the heating demand and the feed and return hot water temperature are already given.
Increasing the tube number in the discharging group results in an increase of the available adsorption heat at a time but a decrease of the water flow rate in each modular tube. With such inverse effect on two involved variables, there exists an optimal number of the modular tubes for one discharging group, and these optimal points for more compact system design are noticeable in Figure 7 and Table 4 . Using these optimal arrangement of discharging group, the volume of the storage system that can effectively deliver useful heat are compared to the volume needed to store 9827 kWh (100% heating demand) in charging stage is shown in Figure 8 . The volume of a SSTES using hot water tank, based on the data of 54.4 kWh/m 3 storage density with 25% heat loss [3, 6] , to meet 100% space heating demand is presented as the bench mark for comparison. There shows the evident advantage of the chemisorption SSTESs with higher energy storage density than that of the hot water tank SSTES. As foregoing discussion, the CaCl2-4/8NH3 chemisorption has the higher equilibrium temperature among the studied cases when under the same working pressure. That means it can achieve higher adsorption temperature for the discharging, e.g. about 65 °C adsorption equilibrium temperature with ammonia evaporates at 5 °C. In this instance, the CaCl2-4/8NH3 SSTES can work well with either the conventional radiator (70-40 °C) or the low temperature heating facility (35-25 °C): the former combined heating system can deliver 59.4% of the total heating demand, while the latter one can achieve about 99.3%. As shown in Figure 7 (a), for the case of the low temperature heating facility combined with the CaCl2-4/8NH3 SSTES, the total adsorption heat generated is higher than the total heating demand, nevertheless part of the adsorption heat is consumed as the sensible heat of the metallic reactor and solid adsorbent. Taking into account of the sensible heat consumption, to achieve 100% coverage of heating demand by a CaCl2-4/8NH3 SSTES, a minimum system volume of 74.6 m 3 and a minimum solar collector area of 103.6 m 2 is required, which seem unacceptable for one ordinary domestic dwelling. The NaBr-0/5.25NH3 chemisorption achieves the highest storage capacity in the charging stage since it has the lowest equilibrium temperature; because of the same reason, it performs the worst in the discharging stage as it has the lowest adsorption temperature, e.g. only about 25 °C equilibrium temperature with ammonia evaporated at 5 °C. Such adsorption performance fails to heat the return water for most of the time even for the low temperature heating facility. As a result, only 18.6% of the heating demand can be satisfied by the NaBr-0/5.25NH3 SSTES.
Among all cases studied, the BaCl2-0/8NH3 chemisorption has moderate desorption/adsorption temperature therefore comparatively it reaches a balance between non-demanding desorption temperature at the charging stage and sufficient adsorption temperature at the discharging stage. If integrated with the low temperature heating facility, the BaCl2-0/8NH3 SSTES can contribute about 57.4% of the total heating demand with an additional 2.9% supplied by solar collector, and the rest of heating demand is met by a boiler. The required area of solar collector for such a coverage ratio is 30.5 m 2 which is a reasonable value for ordinary dwelling's roof installation. The required volume of the SSTES is 45.2 m 3 , which seems still problematic, too large to be domestically applied. One straightforward solution is to reduce the system volume with smaller contribution of the SSTES and lower recovery of solar energy, which can still substantially reduce energy cost and carbon footprint of domestic households. The current study assumes the dwelling was maintained at 21 °C throughout the six months of the discharging stage, in fact, which is not necessary in reality; moreover, the heat loss of the dwelling can be significantly reduced by better insulation, then the SSTES system volume can be further reduced to an acceptable range. Radically, this issue can be alleviated through increasing the bulk density of the adsorbent (currently 450 kg/m 3 ), then further investigation is necessary to confirm the heat and mass transfer performance with high bulk density. 
Conclusions
The seasonal solar thermal energy storage using ammonia-based chemisorption for domestic application in the UK was studied in the current paper. Three different working pairs, CaCl2-4/8NH3, BaCl2-0/8NH3 and NaBr-0/5.25NH3 were studied for chemisorption unit to be integrated with two different types of solar collector (flat-plate type and evacuated tube type) and two types of end-user heating facilities (high temperature radiator and low temperature floor heating/fan convector). The chemisorption modular reactors (finned-tube design) was heated or cooled group by group at both thermal charging and discharging stages. The selection of the chemisorption working pairs and the strategy of the group operation has been discussed for the optimal performance and system design.
The major conclusions are:
(a) The preferable working pairs should have the less sloping equilibrium line in the ClausiusClapeyron P-T diagram, meaning not only have relatively low desorption temperature that matches with the capability of the solar collectors, but also have sufficiently high adsorption temperature for space heating.
(b)
The CaCl2-4/8NH3 chemisorption was capable to deliver 58.4% of the total heating demand when using conventional radiators, and deliver nearly 100% when using low-temperature heating facility, under the real weather condition during the months from October to March. To fully charge this amount of thermal energy at charging stage, the evacuated tube solar collector with the area of 62.0 m 2 and 103.6 m 2 and the SSTES with a volume of 44.7 m 3 and 77.6 m 3 were required, respectively, which could cause reluctance of employing such a SSTES for domestic application (c) The NaBr-0/5.25NH3 chemisorption can store most solar heat at thermal charging stage and had the largest energy density comparing to the other two working salts studied, however, the low adsorption temperature significantly limits its effectiveness at thermal discharge stage, only able to contribute about 18.6% of the heating demand when even using low-temperature heating facility. (e) The volume of the necessary system components has been taken into consideration in this work to discuss the storage energy density of the chemisorption storage systems, which was lower than the material-based value. Further investigation on the bulk density of the adsorbent composite with decent heat and mass transfer performance is worth more effort to significantly reduce the system volume.
